Abstract: An underwater spark is able to induce a cavitation bubble, and this principle has been utilized to make cavitation bubble generators for several decades. In this paper, an improved instrument for generating spark-induced cavitation bubbles is described in detail. The voltage time history inside the instrument is measured to show the working process and principle. Cavitation bubbles are generated by the instrument and recorded by a high-speed camera. The radius time history of the bubble is obtained using an image processing algorithm. The ratio of its minimum radius to its maximum radius reaches~0.2, which indicates that there is little undissolved gas in the bubble. With the radius time history, the velocity fields around the bubbles were calculated by the 1D continuity flow equation, and the pressure fields were calculated by the 1D Euler equation. One cavitation bubble is chosen and discussed in detail. The velocity and pressure on the bubble interface achieve their maximums (~25 m/s and~1.2 MPa, respectively) at the same time, when the radius is at its minimum (~1 mm). Some statistical results are also presented to show the effect of the instrument.
Introduction
The spark, laser and ultrasound methods are common methods for inducing cavitation bubbles in still water in order to study the mechanism of cavitation and cavitation erosion. The spark method is widely used to study a single cavitation bubble or the interaction between cavitation bubbles.
As early as 1952, the spark method was used to induce a single cavitation bubble in still water in order to overcome the difficulties in the pressure measurement of cavitation bubbles in flowing water. Cavitation bubbles induced by a Venturi nozzle and a spark generator were recorded by a high-speed camera, with a frame rate of 8000 fps. Harrison found that two kinds of bubbles had similar behavior [1] . The pressure near a spark-induced bubble was measured by a pressure transducer and recorded by an oscilloscope.
From then on, the spark method was used in many papers on the mechanism of cavitation erosion [2] [3] [4] [5] [6] [7] .
Until 1975, Lauterborn and Bolle generated a single cavitation bubble with a laser pulse [8] . The laser pulse substituted spark in some fields [9] [10] [11] [12] [13] [14] .
Compared with the laser-induced bubble, the spark-induced bubble has some disadvantages. For example, the electrodes affect the motion of bubbles, there is more undissolved gas after the spark-induced bubble collapses, and the undissolved gas limits the power of cavitation bubble collapse [9, 13, [15] [16] [17] . After either laser-or spark-induced cavitation bubbles collapse, there are undissolved gases. The main component of the gases may be hydrogen produced by the plasma [18] .
In spite of these disadvantages, sparks are more convenient in generating several cavitation bubbles to study the interaction between them. In addition, the power of sparks has a wider range. As a result, it is more convenient to generate cavitation bubbles with varying radii.
Therefore, a spark device is utilized to study the interaction of cavitation bubbles with a phase difference [19, 20] , the interaction between cavitation bubbles and rigid particles [21] [22] [23] [24] , the interaction between cavitation bubbles and a free surface [25] [26] [27] [28] , and the interaction between cavitation bubbles and air bubbles [29] [30] [31] .
Sparks cannot be substituted by lasers in these fields, while the existing research focuses more on cavitation bubbles and less on the devices. It is essential to overcome the disadvantages and improve the device.
A low-voltage device was introduced by Goh et al. [32] . This device is able to accurately generate cavitation bubbles with various radii by adjusting the length of its electrodes. The rated voltage of the device is 60 V, which is relatively safe and causes less electromagnetic interference, compared with other electronic equipment. However, the bubbles induced by the low-voltage device contain a lot of undissolved gas.
In order to reduce the amount of undissolved gas, in this paper a high-voltage instrument was designed and built to generate spark-induced cavitation bubbles. The voltage across a capacity in the instrument was measured to show the charging and discharging process. Cavitation bubbles were generated and recorded to test the instrument.
Materials and Methods
The core of the experiment system is the spark instrument. The spark instrument consists of a transformer, silicon stack, capacitor, resistors, a pair of hemispheres, a pair of needle electrodes and a water tank, as shown in Figure 1 . A 220 V 50 Hz power supply and a push button switch are connected to the input of the transformer. A 50 kV 0.25 µF capacitor and a silicon stack are connected to the 20-kV output of the transformer. Across the capacitor, there are two more circuits. On one of them, a variable resistor, a pair of hemispheres and a pair of needle electrodes are connected in a series. Sparks are generated between hemispheres and between needle electrodes at the same time. On the other circuit, across the capacitor, a 1 MΩ resistor and a 1 kΩ resistor are connected in a series for voltage measurement.
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As shown in Figure 3 , at times a and c, the button switch was pushed and released, respectively. While the switch is on (time b), the gaps between hemispheres and between needles broke, and the voltage sharply dropped to 0. After time b, the capacitor was recharged, since the switch was still on.
The lifetime of the spark is dozens of microseconds, while the lifetime of the spark-induced cavitation bubble is about several hundred microseconds. These short processes were recorded by a Photron Fastcam SA-Z high-speed camera, with a frame rate of 100,000 fps, in our experiment. To make the edge of the cavitation bubble smooth and sharp, the illumination of the experiment was meticulously designed. A uniform large bulb with a hood was used. The bulb was fixed on an elevator-shelf. The center of the lens, cavitation bubble and bulb formed a line. The bulb was on the right of the water tank and is not shown in Figure 2 .
The breakdown voltage at time b in Figure 3 can be changed by adjusting the distance between hemisphere electrodes. The breakdown voltage affects the radius of the cavitation bubble. As shown in Figure 2 , a transformer, silicon stack and capacitor are placed on a metal plate, which is connected to the ground. The transformer is also connected to a power supply. The push button switch on the power wire is not shown in Figure 2 . The bar resistor crosses and connects the capacitor and the hemisphere. There are some wiretaps on the top of the bar resistor. By shorting out the taps, the resistance can be changed to 200 Ω, 300 Ω, 400 Ω, 500 Ω or 600 Ω. The resistor was designed to limit the currency in the circuit for safety. It can also be used to control the size of the cavitation bubble, especially when some operating liquids with low heat capacity (e.g., glycerol) are used. In our case, the resistance was maintained at 200 Ω to generate a relatively large cavitation bubble. The hemispheres are sealed in a glassy shell. The distance between the hemispheres is adjustable. The needle electrodes are under the hemispheres and in the water tank. They are tungsten needles, with a diameter of 1 mm.
hemisphere electrodes. The breakdown voltage affects the radius of the cavitation bubble. When the button, mentioned above, is pushed, the instrument starts working. The transformer increases the voltage dozens of times. The silicon stack converts the alternating current into a direct current. The capacitor is charged until the gaps break and sparks are produced. The spark in the water induces the cavitation bubble.
The voltage across the capacitor exactly describes the process. It was recorded by a data acquisition device (DAQ) with a sampling frequency of 100,000 samples per second and a resolution of 16 bits.
As shown in Figure 3 , at times a and c, the button switch was pushed and released, respectively. While the switch is on (time b), the gaps between hemispheres and between needles broke, and the voltage sharply dropped to 0. After time b, the capacitor was recharged, since the switch was still on. The environmental conditions are listed in Table 1 . The data were reported by the China Meteorological Administration. The water used in our experiment was deionized, in which the dissolved gas was saturated. The lifetime of the spark is dozens of microseconds, while the lifetime of the spark-induced cavitation bubble is about several hundred microseconds. These short processes were recorded by a Photron Fastcam SA-Z high-speed camera, with a frame rate of 100,000 fps, in our experiment. To make the edge of the cavitation bubble smooth and sharp, the illumination of the experiment was meticulously designed. A uniform large bulb with a hood was used. The bulb was fixed on an elevator-shelf. The center of the lens, cavitation bubble and bulb formed a line. The bulb was on the right of the water tank and is not shown in Figure 2 .
The breakdown voltage at time b in Figure 3 can be changed by adjusting the distance between hemisphere electrodes. The breakdown voltage affects the radius of the cavitation bubble.
The environmental conditions are listed in Table 1 . The data were reported by the China Meteorological Administration. The water used in our experiment was deionized, in which the dissolved gas was saturated. 
Results

Photos
Some photos are shown in Figure 4 . The recording rate is 100,000 fps, and the shutter speed is 8.39 µs. The cavitation bubble is induced soon after the spark appears. Then, the bubble explodes and collapses periodically. In this paper, the first two cycles are studied. The environmental conditions are listed in Table 1 . The data were reported by the China Meteorological Administration. The water used in our experiment was deionized, in which the dissolved gas was saturated. 
Results
Photos
Some photos are shown in Figure 4 . The recording rate is 100,000 fps, and the shutter speed is 8.39 μs. The cavitation bubble is induced soon after the spark appears. Then, the bubble explodes and collapses periodically. In this paper, the first two cycles are studied.
Note the minimum size in Figure 4d . The primary goal of our work is to reduce the size in order to achieve a high impact pressure. At the moment, the kinetic energy of the water had been transferred into the pressure potential energy of the gas, if the dissipation is neglected. The smaller the amount of gas, the larger the pressure.
If the cavitation bubble is approximated into a sphere, the radius will be enough to describe its size. To estimate the radius, an image processing algorithm is designed in our paper. A spark-induced cavitation bubble at different stages, where the record rate is 100,000 fps, and the shutter speed is 8.39 μs. (a) t = 0 μs, a spark appears; (b) t = 100 μs, the plasma is glowing, and the cavitation bubble is exploding; (c) t = 500 μs, the cavitation bubble explodes at the maximum; (d) t = 950 μs, the cavitation bubble collapses at the minimum; (e) t = 1230 μs, the cavitation bubble rebounds at the maximum; (f) t = 1480 μs, the cavitation bubble collapses at the minimum again; (g) t = 2700 μs, the undissolved gas, after several explode-collapse cycles.
Image Processing Algorithm
The first step is binarizing, namely, turning the photos into black and white, with a global threshold. The threshold is just the median of the grayscales of all the pixels. Alternatively, the Figure 4 . A spark-induced cavitation bubble at different stages, where the record rate is 100,000 fps, and the shutter speed is 8.39 µs. (a) t = 0 µs, a spark appears; (b) t = 100 µs, the plasma is glowing, and the cavitation bubble is exploding; (c) t = 500 µs, the cavitation bubble explodes at the maximum; (d) t = 950 µs, the cavitation bubble collapses at the minimum; (e) t = 1230 µs, the cavitation bubble rebounds at the maximum; (f) t = 1480 µs, the cavitation bubble collapses at the minimum again; (g) t = 2700 µs, the undissolved gas, after several explode-collapse cycles.
If the cavitation bubble is approximated into a sphere, the radius will be enough to describe its size. To estimate the radius, an image processing algorithm is designed in our paper.
The first step is binarizing, namely, turning the photos into black and white, with a global threshold. The threshold is just the median of the grayscales of all the pixels. Alternatively, the threshold can be determined by the algorithm proposed by Bradley [33] . This algorithm calculates local adaptive thresholds, rather than a global one. After binarizing, a binary matrix is obtained, where 0 and 1 stand for black and white, respectively. The second step is taking an image, with only the needle electrodes as a template, and removing it from the image with both electrodes and the bubble. Then, a median filter, a smoothing filter and a filling algorithm are applied successively. Finally, the number of white pixels are counted, and the area is calculated with the area of a single pixel. All of the intermediate and final results of a large bubble and a small bubble are shown in Figure 5 . The same algorithm and parameters were applied to the bubbles. threshold can be determined by the algorithm proposed by Bradley [33] . This algorithm calculates local adaptive thresholds, rather than a global one. After binarizing, a binary matrix is obtained, where 0 and 1 stand for black and white, respectively. The second step is taking an image, with only the needle electrodes as a template, and removing it from the image with both electrodes and the bubble. Then, a median filter, a smoothing filter and a filling algorithm are applied successively. Finally, the number of white pixels are counted, and the area is calculated with the area of a single pixel. All of the intermediate and final results of a large bubble and a small bubble are shown in Figure 5 . The same algorithm and parameters were applied to the bubbles. The white area in Figure 5 is the projected area of the bubble :
where is the equivalent radius of the bubble. The error of the equivalent radius has two main sources. First, the algorithm may treat the edge of the bubble in the wrong way, especially when the edge is rough or blurred. In order to estimate the value of the error, a series of cavitation bubbles were measured manually. The area of the bubble was marked manually. The pixels of the marked area were counted by software. The radius was also calculated by Equation (1) . The radii, measured manually, were compared with those measured by the image processing algorithm. As a result, the maximum error is 1.0 pixel. The maximum relative error is 1.3%. Second, the size of the pixel was measured by a transparent ruler, with an accuracy of 1 mm. The width of the photo is 384 pixels and 17.4 mm. The size of a pixel is 0.045 ± 0.003 mm. The relative error is 5.7%. As the two kinds of error are independent, the total relative error of the radius is the sum of them, namely, 7.0%.
Radius Time History
The radius in each frame is calculated with the method mentioned above. The time history is plotted in Figure 6 . In the initial stage, the points before 0.14 ms are missing, because the spark is too bright, and the photos are overexposed. The radii of the two cycles are fitted with quadratic functions. The functions will act as a boundary condition, as shown below. The white area in Figure 5 is the projected area of the bubble S:
where R B is the equivalent radius of the bubble.
The error of the equivalent radius R B has two main sources. First, the algorithm may treat the edge of the bubble in the wrong way, especially when the edge is rough or blurred. In order to estimate the value of the error, a series of cavitation bubbles were measured manually. The area of the bubble was marked manually. The pixels of the marked area were counted by software. The radius was also calculated by Equation (1). The radii, measured manually, were compared with those measured by the image processing algorithm. As a result, the maximum error is 1.0 pixel. The maximum relative error is 1.3%. Second, the size of the pixel was measured by a transparent ruler, with an accuracy of 1 mm. The width of the photo is 384 pixels and 17.4 mm. The size of a pixel is 0.045 ± 0.003 mm. The relative error is 5.7%. As the two kinds of error are independent, the total relative error of the radius is the sum of them, namely, 7.0%.
The radius in each frame is calculated with the method mentioned above. The time history is plotted in Figure 6 . In the initial stage, the points before 0.14 ms are missing, because the spark is too bright, and the photos are overexposed. The radii of the two cycles are fitted with quadratic functions. The functions will act as a boundary condition, as shown below.
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Breakdown Voltage and Bubble Radius
The breakdown voltage is not quite stable because the spark discharge is a random process. It is affected by the air condition, that is, dust, humidity and temperature. To reduce the influence of the environment, the hemisphere electrodes are sealed in a glassy shell. The breakdown voltage can be changed roughly by adjusting the distance between hemisphere electrodes.
The breakdown voltage affects the size of the cavitation bubble. The relationship is shown in Figure 7 , where stands for the distance between two hemisphere electrodes. The cavitation bubbles, obtained with the same parameter, were still quite different because of the randomness. The problem is difficult to overcome, because almost no electrical component can stand dozens of kilovolts to substitute the air gap.
The relationship between the breakdown voltage and the maximum radius of the cavitation bubble is obviously positive, which means that a larger breakdown voltage leads to a larger bubble. The relationship between the breakdown voltage and the minimum radius does not have a clear correlation. 
The breakdown voltage affects the size of the cavitation bubble. The relationship is shown in Figure 7 , where d stands for the distance between two hemisphere electrodes. The cavitation bubbles, obtained with the same parameter, were still quite different because of the randomness. The problem is difficult to overcome, because almost no electrical component can stand dozens of kilovolts to substitute the air gap. 
The relationship between the breakdown voltage and the maximum radius of the cavitation bubble is obviously positive, which means that a larger breakdown voltage leads to a larger bubble. The relationship between the breakdown voltage and the minimum radius does not have a clear correlation. The relationship between the breakdown voltage and the maximum radius of the cavitation bubble is obviously positive, which means that a larger breakdown voltage leads to a larger 
Discussion
Single Bubble Dynamics
We have assumed that the cavitation bubble is spherical. Thus, the motion of the fluid around the bubble can be described with the 1D continuity equation:
Regardless of viscosity and compressibility, the pressure can be solved by the 1D Euler Equation:
In Equation (2), v r can be solved by the separation variable method, as follows:
Hence,
Therefore,
T(t) is completely determined by the boundary conditions. Therefore,
Replacing the above equation with Equation (2) gives
This gives
At infinity, the pressure is zero. So, the integral constant C is equal to zero. If the function T(t) is solved with the boundary condition, then the velocity field v r and the pressure field P will be obtained.
We treat the motion of the cavitation bubble as a known condition and then calculate the pressures that motivate the motion.
The velocity at the cavitation bubble surface is v r r=R B = dR B /dt (10) where R B is the radius of the cavitation bubble. According to Equation (7), v r r=R B = T(t)/ R 2 B . Therefore,
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Replacing Equation (12) with Equation (7) gives
This is the same as that in the Rayleigh-Plesset equation.
Replacing Equation (12) with Equation (9),
Now, we use the Taylor series to approximate R B (t). The Taylor series for R B (t) at t = t 0 is
We omit the high-order terms and keep the first four order terms:
where a 0 , . . . , a 4 are constant factors. Note that the function R B (t) is not continuous, and it breaks when the bubble collapses at the minimum. Thus, R B (t) is a piecewise function. By fitting the experimental data, the factors at the local coordinates are obtained, as shown in Table 2 . Velocity field v r (r, t) and pressure field P(r, t) can be solved by replacing the factors in the formulas, shown above. In our paper, this process is conducted by mathematical software.
The calculated velocity field and pressure field are plotted as contour maps, as shown in Figure 8 .
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When the cavitation bubble collapses, the velocity and pressure reach over 20 m/s and 1.2 MPa, respectively. When the cavitation bubble collapses, the velocity and pressure reach over 20 m/s and 1.2 MPa, respectively.
Both our model and the Rayleigh model assume that the bubble is a sphere. Compared with the Rayleigh model, our model provides a practical way to estimate the maximum pressure when the cavitation bubble collapses. The Rayleigh model assumes that there is no residual gas after collapse. Thus, the impact pressure is theoretically infinite. The Rayleigh model fits the experimental results very well when the bubble is large. However, when the bubble becomes small, the Rayleigh model predicts a larger radius rate over time.
Statistical Properties
The process above was repeated 25 times in our experiment. The maximum radius R max , the minimum radius R min , the time of the 1st collapse T c and the maximum pressure after the first collapse are recorded for each time.
The maximum radius R max and the collapse time T c have an obvious linear correlation, where R 2 = 0.98, as shown in Figure 9a . Moreover, the correlation between R max and T c can be calculated with the Rayleigh-Plesset equation, as follows:
where ρ L is the density of water. If ρ L , p ∞ and p v are constant, the correlation between T c and R max will be linear. The saturated vapor pressure p v was treated as an unknown variable, because the spark-induced cavitation is not a simple isothermal process. It was fitted with the experimental data. The fitting result was 23,299 Pa, which can be considered an equivalent value, at 64 • C. This means that the bubbles generated by the instrument have a similar behavior as those induced by the pressure difference at 64 • C.
The process above was repeated 25 times in our experiment. The maximum radius , the minimum radius , the time of the 1st collapse and the maximum pressure after the first collapse are recorded for each time.
The maximum radius and the collapse time have an obvious linear correlation, where = 0.98, as shown in Figure 9a . Moreover, the correlation between and can be calculated with the Rayleigh-Plesset equation, as follows:
where is the density of water. If , and are constant, the correlation between and will be linear. The saturated vapor pressure was treated as an unknown variable, because the spark-induced cavitation is not a simple isothermal process. It was fitted with the experimental data. The fitting result was 23,299 Pa, which can be considered an equivalent value, at 64 °C. This means that the bubbles generated by the instrument have a similar behavior as those induced by the pressure difference at 64 °C.
The volume ratio ( / ) and maximum pressure have a negative correlation, as shown in Figure 9b . Reducing the ratio is crucial for obtaining a high impact pressure. Unfortunately, the ratio depends strongly on the nature of the heat source. Generally, the laser-induced bubble has less undissolved gas and a higher volume ratio of ( / ) [18] . Among our spark-induced bubbles, the minimum of the volume ratios is 0.008, as shown in Figure 9b . This is small compared with other spark-induced cavitation bubbles [18, 29, 32] , but still larger than those induced by laser.
The relationship between ( / ) and is not strong, because the data are dispersed. The error mainly comes from the process of the curve fitting of the radius time history. The volume ratio (R min /R max ) 3 and maximum pressure P max have a negative correlation, as shown in Figure 9b . Reducing the ratio is crucial for obtaining a high impact pressure. Unfortunately, the ratio depends strongly on the nature of the heat source. Generally, the laser-induced bubble has less undissolved gas and a higher volume ratio of (R min /R max ) 3 [18] . Among our spark-induced bubbles, the minimum of the volume ratios is 0.008, as shown in Figure 9b . This is small compared with other spark-induced cavitation bubbles [18, 29, 32] , but still larger than those induced by laser.
The relationship between (R min /R max ) 3 and P max is not strong, because the data are dispersed.
The error mainly comes from the process of the curve fitting of the radius time history. How the breakdown voltage affected the maximum pressure of the cavitation bubble was also investigated. As shown in Figure 10 , the correlation is weak, as the dots are quite scattered. The main reason for this is that the maximum pressure depends on both the maximum and minimum radius. As mentioned in the last section, the minimum radius also has a poor correlation with the breakdown voltage. As a result, it is currently impossible to generate a certain impact pressure by adjusting the parameter of the instrument. How the breakdown voltage affected the maximum pressure of the cavitation bubble was also investigated. As shown in Figure 10 , the correlation is weak, as the dots are quite scattered. The main reason for this is that the maximum pressure depends on both the maximum and minimum radius. As mentioned in the last section, the minimum radius also has a poor correlation with the breakdown voltage. As a result, it is currently impossible to generate a certain impact pressure by adjusting the parameter of the instrument. 
Conclusions
In this paper a spark instrument is designed to induce cavitation bubbles. The voltage inside shows the charge and discharge processes clearly and exactly. Additionally, an image process algorithm is promoted to calculate the radius of the cavitation bubbles.
The time history of the cavitation bubble fits the Rayleigh model very well. This means that the bubbles have a similar behavior as those induced by the pressure difference. The cavitation bubbles induced by our instrument contain little undissolved gas. The theoretical analysis and experimental data show that the volume of undissolved gas and the maximum impact pressure have a negative correlation. In our experiment, the ratio of the minimum radius to the maximum radius reaches 0.2. Thus, the impact pressure during collapse reaches 1.2 MPa.
The main shortcoming of the instrument is the randomness of the spark discharge. The cavitation bubbles induced by the same experimental conditions can be quite different. The size of the cavitation bubble can be changed roughly by adjusting the distance between the two hemisphere electrodes.
In short, the instrument utilizes a high voltage to induce cavitation bubbles, with little undissolved gas. As a necessary cost, the size of the cavitation bubble becomes almost uncontrollable. 
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